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Adriana Szeghalmi, 1,a͒ O 5 ͑ϳ2 nm film thickness͒ nanolaminates for hard x-ray wavelengths were produced by atomic layer deposition and characterized. Atomic force microscopy and transmission electron microscopy ͑TEM͒ proved extremely smooth surfaces of the mirrors, which are critical for highest reflectance. TEM images showed sharp interfaces between the oxides. The experimental x-ray reflectivity data were theoretically modeled and indicated minimal random thickness variations in the individual layers. Additionally, a depth graded sample with a total thickness of ϳ4 m for focusing applications in transmission ͑Laue͒ geometry and capillaries was coated. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3114402͔
The rapidly increasing interest in x-ray spectroscopy and the goal to reach diffraction limited resolution in x-ray microscopy set off the need for advanced optics.
1,2 The fabrication of the required advanced optical elements is technically challenging. Suitable materials must have low x-ray absorbance limiting the available choices. X-ray mirrors based on Bragg diffraction of nanolaminates 3 and zone plates 4 pose challenges to both coating technologies and lithography. The period of such optical elements has to be very small ͑often below 10 nm͒ with extreme thickness precision and smooth interfaces. Atomic layer deposition ͑ALD͒ is a promising technology fulfilling these requirements. Metallic coatings for applications in x-ray spectroscopy were already demonstrated. 3, 4 Up to date only a few materials mainly based on W, Pt, Ta, and Ir have found applications in hard x-ray optics. [1] [2] [3] [4] [5] The performance of such multilayer optics ͑peak reflectivity and full width at half maximum͒ 6, 7 is constrained by interfacial smoothness, interlayer mixing/interdiffusion, internal stress and nanocrystallinity, as well as thermal stability of the multilayers. An increased variety of available materials could possibly lead to more stable, efficient, and long-lasting optics. In this manuscript nanolaminates with application potential in x-ray spectroscopy comprising two alternating dielectric materials ͑Al 2 O 3 and Ta 2 O 5 ͒ deposited by ALD are presented.
Extensive theoretical x-ray reflectivity ͑XRR͒ modeling of a variety of materials combined with the requirement of high density and availability by standard ALD have led to the choice of Al 2 O 3 and Ta 2 O 5 . Based on calculations, the film thicknesses were chosen to produce x-ray mirrors with the first Bragg peak at Ͼ0.5°grazing angle for the 1.54 Å Cu K␣ line. Table I 2 ͒ determined by AFM. The thickness of sample 1 was determined by spectroscopic ellipsometry with an effective medium approximation ͑EMA͒ layer for modeling the surface roughness. The thicknesses of samples 2-4 correspond to data from the fit of the XRR spectra. The layer thicknesses of the depth-graded sample 5 varied from 9 to 10.8 nm with a step size of ϳ0.1 nm. Superscript numbers correspond to the number of ALD cycles ͑c͒ applied to deposit the layer. The substrate is a single crystalline silicon wafer. layers. The outermost layers show a minimal increase in roughness compared to the substrate surface. Atomic force microscopy ͑AFM͒ measurements give a root mean square roughness of Ͻ0.4 nm for sample 2, which is in good agreement with the values from TEM images and variable angle spectroscopic ellipsometry measurements. AFM and TEM measurements provide local information on the roughness with investigated regions of up to 10ϫ 10 m 2 , whereas ellipsometry analyzes an area of several square millimeters. 2 Smooth surfaces are critical for high XRR. It is important to consider both the quality of the outermost layer and the quality of the inner layers. Roughness reduces the interference of the reflections at the interfaces and also facilitates diffusion of the nanolaminate components under operating conditions of the optical elements, thus reducing their longterm stability.
No. Composition
Normalized intensities were difficult to determine experimentally due to the sample curvature and sample illumination, even though silicon wafers with a diameter of 100 mm were coated and the beam size was reduced to less than 100 m. Large area samples were necessary to ensure that the x-ray beam was completely reflected by the surface even at small grazing angles. However, the coating process can also induce some bending of the wafers due to stress in the layers. This bending could cause additional focusing of the x rays. This would lead to a higher reflectivity in the Bragg peaks compared to the total internal reflection intensity around the 0.2°grazing angle. The normalized intensity of the first Bragg peak for samples 2-4 amounted to a value of Ͼ90% at grazing angles of 0.62°and 0.54°, respectively. In contrast, the performance of standard metallic mirrors at 8 keV rapidly decreases with increasing grazing angles with reflectance values in the range of 80%-95% below 1°.
The XRR spectra of samples 2-4 are presented in Figs. 2 and 3. The experimental spectra were fitted using the IMD software package 8 to determine the thickness of the layers. The optical constants of Al 2 O 3 and Ta 2 O 5 were applied in the calculations as included in the software based onto the Centre for X-ray Optics ͑CXRO͒ atomic scattering factors. Additional fit parameters ͑roughness, random thickness variation͒ did not significantly improve the fit. The film thicknesses were controlled by the number of ALD cycles. The position of the first order Bragg peak could be shifted toward higher grazing angles if the thickness of the Ta 3. As expected, the XRR spectrum of sample 4 showed secondary Bragg peaks at 0.68°and 1.28°compared to sample 3 ͑see Fig. 3͒ . Their intensity is much lower and shows that the interference from the "buried" layers was perturbed by the top multilayer. The effect of random thickness variations in the layers was theoretically investigated. Random thickness variations lead to broader and weaker Bragg peaks in the calculated XRR spectra. The calculated spectra with 5 Å random thickness variation already lacked the second order Bragg peak reflection. The experimental XRR data, however, showed sharp and intense Bragg peaks up to the eighth order ͑4.29°g razing angle, see Fig. 2͒ and proved minimal random thickness variations.
We further tested the possibility of growing a larger number of multilayers ͑total thickness of ϳ4 m with depth grading from 9 to 10.8 nm and with 0.1 nm step increase͒ by ALD. Such films with increasing period found applications as x-ray optics of sectioned multilayers in Laue ͑transmis-sion͒ geometry. Not only the control of thickness and uniformity of the deposited films but also the sectioning of the samples pose severe difficulties. 9 By applying focused ion beam ͑FIB͒ cross sectioning damage-free samples ͓see Fig.  1͑c͔͒ of the ALD multilayer could be produced. The thickness of the cross section was ϳ600 nm. The lateral size of the prepared cross section is ϳ20ϫ 4 m 2 . However, larger sections could also be achieved. The stability of the ALD stack during the sectioning was ensured with a Pt layer deposited on top of the multilayer. The ALD stack consisting of Al 2 O 3 and Ta 2 O 5 layers was very stable. This is also confirmed by the fact that sectioning to ϳ60 nm by ion beam and mechanical polishing of sample 2 with a multilayer thickness of ϳ400 nm could be performed without damaging the multilayer.
The XRR spectrum of the thick multilayer ͑sample 5͒ is presented in Fig. 4 . The high intensity of the first order Bragg peak ͑Ͼ80% of the total internal reflectance value at ϳ0.2°͒ is of special interest.
Finally, preliminary efficiency data of coated capillaries ͑sequence samples 1 and 2͒ with a diameter of 500 m ͑N16B glass͒ were recorded. The capillaries were cut at 9.5 cm length after ALD deposition. Compared with a standard 500 m pinhole setup, the coated capillaries had 2.6 and 1.2 enhancement factors for the Cu K␣ and Mo K␣ lines, respectively. The pure Ta 2 O 5 coating led to similar enhancement factors as the nanolaminate comprising 81 layers within the experimental accuracy.
In conclusion, nanolaminates consisting of Al 2 O 3 and Ta 2 O 5 for applications in x-ray optics were produced and characterized. The nanolaminates showed high x-ray reflectance with multiple Bragg peaks. FIB cross sectioning of a nanolaminate with large total thickness was performed without damaging the interfaces. Further analysis of the focusing efficiency of these sections as well as improvement of ALD coated capillaries are in progress. 
